[1] The Cute-1.7+APD II, 10 × 15 × 20 cm 3 in size and 5 kg in mass, is the third picosatellite developed by students at the Tokyo Institute of Technology. One of the primary goals of the Cute-1.7+APD II mission is to validate the use of avalanche photodiodes (APDs) as a radiation detector for the first time in a space experiment. While the mission itself is immature compared to the forefront satellites of space plasma physics, use of APDs offers various possibilities regarding a brand-new electron energy analyzer for medium-energy electrons and ions (1-100 keV), as well as a high-performance light sensor for the future X-ray astronomy missions. The satellite was successfully launched by ISRO PSLV-C9 rocket on 28 April 2008 and has since been in operation for more than a year. The Cute-1.7+APD II carries two reverse-type APDs to monitor the distribution of low-energy particles (mainly electrons and protons) down to 9.2 keV trapped in a low Earth orbit (LEO), including the South Atlantic Anomaly (SAA) as well as aurora bands. We present the design parameters and various preflight tests of the APDs prior to launch, particularly, the high counting response and active gain control system for the Cute-1.7+APD II mission. Examples of electron/proton distribution, obtained in continuous 12 h observations, will be presented to demonstrate the initial flight performance of the APDs in orbit.
Introduction
[2] At the Tokyo Institute of Technology (hereafter "Tokyo Tech"), the university satellite program has been actively promoted through a joint collaboration involving the Laboratory for Space Systems (LSS) and the Laboratory for Experimental Astrophysics (LEAP). This program was originally initiated for education purposes in order to improve the space engineering and project management skills of students. Moreover, it is very advantageous to conduct performance tests for demonstrating new technology or to benchmark new devices in a space environment. The first Tokyo Tech picosatellite, "CUTE-I" (1 kg in mass and 10 × 10 × 10 cm 3 in size [Sawada et al., 2002; Nakaya et al., 2003] ), was successfully launched on 30 June 2003 aboard the ROCKOT (a Russian space vehicle). Even after five years, the CUTE-I continues to transmit housekeeping data to the ground station developed at Tokyo Tech.
[3] The next satellite project, "Cute-1.7+APD," started in parallel with operation of the CUTE-1 to further expand the possibilities of small satellite missions [e.g., Iai et al., 2004; Kotoku et al., 2005 Kotoku et al., , 2006 . The project has two major goals: (1) to validate the use of high-performance, low-cost commercial devices in space, such as PDA (Personal Digital Assistant) and radio transceivers, and (2) to demonstrate new potential uses for small satellites in various studies, as proposed by the "satellite-core" concept. The Cute-1.7+APD carried avalanche photodiodes (APDs) [e.g., Webb et al., 1974] as a high-count particle monitor for the first time in a space experiment. The satellite was launched aboard the JAXA M-V-8 launch vehicle on 22 February 2006 and then operated for more than a month. After achieving success in some of its missions, however, the satellite failed to receive any uplink commands from the ground station, and currently remains unresponsive. Although the recovery operation had been continued for more than a year, we concluded that a space radiation hazard affecting the microcontroller on board the satellite caused the trouble.
[4] This motivated us to begin a new project named "Cute-1.7 APD II" in April 2006 [Ashida et al., 2008] (http://lss.mes.titech.ac.jp/ssp/cute1.7/index.php). The project is essentially an update of the Cute-1.7+APD, but entails many modifications to increase reliability and robustness against the effects of radiation. The Cute-1.7+APD II has an auto-power reset function to automatically restart components damaged by radiation before total breakdown due to a single event latch-up (SEL). Even a slight increase in current caused by SEL can be detected to activate a reset pulse for the damaged components. Moreover, the satellite dimensions and mass have been increased from 3.6 kg (10 × 10 × 20 cm 3 ) to 5 kg (10 × 15 × 20 cm 3 ) in order to provide a larger power supply and enable various missions to be conducted more effectively. The Cute-1.7+APD II was successfully launched aboard the PSLV-C9 Indian rocket on 28 April 2008, together with six university satellites from Japan (SEEDS, http://cubesat.aero.cst.nihon-u.ac.jp/japanese/ index.html), Canada (Can X-2 and Can X-6/NTS, http://www. utias-sfl.net/nanosatellites/CanX2/), the Netherlands (Delfi-C3, http://www.delfic3.nl/), Denmark (AAUSat-II, http://aausatii. space.aau.dk/eng/) and Germany (COMPASS-I, http://www. raumfahrt.fh-aachen.de/). A circular Sun-synchronous orbit is maintained at an altitude of approximately 630 km and inclination of 98 degrees. Most of the missions have thus far been conducted successfully, such as attitude determination and control experiments, scientific observations, photographing and communication experiments [Ashida et al., 2008] .
[5] This paper reports the initial results of the Cute1.7 +APD II mission ( Figure 1a) , with focus on the performance of APD devices in orbit as a low-energy particle monitor. Considering the limited satellite resources (in terms of both mass and power) and the technology employed by unskilled students, the Cute1.7+APD II is obviously an immature mission compared to the forefront satellites of space plasma physics to date. Nevertheless, the Cute1.7+APD II offers various possibilities regarding a brand-new electron energy analyzer for medium-energy electrons and ions (1-100 keV). Moreover, an active gain control system for the APD was successfully demonstrated for the first time in space, thereby making an important new step for future astronomy satellite missions. In fact, the same type of APDs will be used in the future X-ray astronomy missions such as Astro-H [Takahashi et al., 2004 [Takahashi et al., , 2005 Kokubun et al., 2008] and XEUS/IXO [de Korte et al., 2008; Arnaud et al., 2009] . This paper is organized as follows: section 2 presents an overview and the design parameters of the APD module on board the Cute-1.7+APD II. The high-rate counting response of the APD module was tested using a 17.5 keV X-ray beam at the synchrotron beam facility of the High-Energy Accelerator Research Organization (KEK-PF). Section 3 presents the initial flight performance of the APD module and resultant particle distributions (mainly of electrons and protons) taken in a low Earth orbit (LEO). Section 4 summarizes our conclusion.
Design Parameters of the APD

APD Device
[6] The APD is a compact, high-performance light sensor recently applied in various fields of experimental physics. In particular, the reverse-type APD offers great advantages in detecting weak light scintillation signals, thanks to its narrow high-field multiplying region close to the front end [Ikagawa et al., 2003 Kataoka et al., 2005] . It is also sensitive to the direct detection of soft X-rays and charged particles, although the depletion layer thickness is limited to 40 mm (whereas 10 mm from the surface can work effectively for signal amplification). As shown in Figure 1b the reverse-type APD works at a relatively low bias voltage (of 300 to 400 V) and achieves excellent dark noise characteristics. By irradiating the APD using the 55 Fe source that emits 5.9 keV X-rays, we confirmed that the energy threshold could be as low as a few keV, as measured at room temperature (+25°C) with analog electronics specifically designed for the mission. Table 1 summarizes the basic parameters of the APDs on board the Cute-1.7+APD II.
[7] Although some other types of APD provide a thicker depletion layer (e.g., 130 to 140 mm for a reach-through APD [Yatsu et al., 2006] ) and can consequently be used for electron spectroscopy up to 100 keV [Ogasawara et al., 2008] , we chose the reverse-type APD for the Cute-1.7 +APD II for several reasons but mainly because (1) it provides the best signal-to-noise performance below a few tens of keV, in which the energy band of electron/proton distribution has yet to be investigated in LEO, and (2) it will be used as a high-performance light sensor to read out various scintillators in future X-ray astronomy missions (Astro-H and XEUS/IXO). Therefore, operating the same device in orbit provides a crucial test to demonstrate the radiation tolerance in LEO. This is why the Cute-1.7+APD II mission is expected to become an important pathfinder for future space missions. Although the Cute-1.7+APD II is equipped with an attitude control system using magnetic torquers, it is quite difficult to always block the APDs from direct illumination by the Sun in standard operations. For this reason, the APDs were provided with a thin, uniform surface coating aluminum that is 0.2 mm thick. Each APD was then implemented in a thick, black resin frame to further shut out the Sun. Consequently, the active surface of the light receiving window of APDs is limited to a central area of 3 × 3 mm 2 . Each APD sensor provides approximately 0.9 radian fields of view for the incoming direction of particles in orbit (see Figure 1) .
[8] Note that the flux of the Sun is 1.37 × 10 3 [W/m 2 ] at the distance of the Earth with a peak wavelength of l ' 500 nm. By simulating the Sun's light under various conditions by using light emitting diodes (LEDs), we confirmed that the dark noise increases only by a factor of four even when the APD surface is directly illuminated by the Sun. This level of dark noise fluctuations is sufficiently lower than the minimum observation threshold we set for the APD at E th = 9.2 keV, and therefore does not affect observations. At the same time, the distribution of particles could be anisotropic in the orbit of the Cute-1.7+APD II. In practical terms, such anisotropy could be taken into account with additional attitude information included in the housekeeping data, but due to limited satellite resources of the Cute-1.7 +APD II, it is quite difficult to provide the directional resolution of incoming particles with a meaningful accuracy. We therefore restrict the goal of the Cute-1.7+APD II mission just to validate the use of APDs as a radiation detector, which we believe, itself is an important technical progress for space instrumentation as described below.
Energy Threshold and Expected Flux
[9] The Cute-1.7+APD II has a circular Sun-synchronous orbit at an altitude of approximately 630 km and inclination of 98 degrees. We estimated the electron/proton fluxes in that orbit by using Space Environment Information System (SPENVIS, http://www.spenvis.oma.be/), which is ESA's WWW interface to models of the space environment and effects of radiation, including natural radiation belts, solar energetic particles, cosmic rays and plasmas. As particle distribution models, we adopted the AP8-min and AE8-min models in considering the operation in the solar minimum. Figure 2 (top) shows the estimated electron/proton fluxes in the Cute-1.7+APD II orbit. Note that the SPENVIS database is only provided for low-energy electrons and protons above 30 keV and 100 keV, respectively, which means that measurements below these energy bands were difficult and challenging for most previous satellite missions.
[10] In the field of space plasma physics, electrons ranging from several keV to several tens of keV (called the "medium-energy" range) are thought to be of particular importance, because electrons in this energy range symbolize accelerating or heating phenomena, and "thermal" Maxwellian distributions sometime transit to "nonthermal" distributions in this energy range. On the other hand, this range is a "verge" of detection technologies between lower energies (e.g., using microchannel plates, MCPs) and higher energies (e.g., using solid-state detectors, SSDs); consequently, accurate and reliable observation has been considered difficult. Recently, the Fast Auroral SnapshoT (FAST) satellite was successfully launched to measure the pitch angle distributions of suprathermal auroral electrons [Temerin et al., 1990; Carlson et al., 1998 ]. The instruments include an electrostatic analyzer equipped with a MCP, having an energy range of 5 eV to 24 keV for the ion spectrometer, and 6 eV to 30 keV for the electron spectrometer, respectively [e.g., Carlson et al., 2001] . While the FAST satellite is a relatively small mission categorized as NASA's Small Explore Satellite Program (SMEX), its total weight of 191 kg (including 65 kg of instruments) and peak power of 117 W are more than 30 times higher than those of the Cute 1.7+APD II mission described in this paper. Moreover, the APD detectors offer great advantages in the accurate measurement of particle fluxes without any of the detector ambiguities or uncertainties often faced with the MCP, but provide constant efficiency and a fast time response. APDs are robust and simple device like the SSDs conventionally used in higher-energy bands, and may be a brand-new electron energy analyzer for future space plasma research [e.g., Ogasawara et al., 2008] .
[11] Figure 2 (bottom) shows the relation between incident particle energy and energy deposits in the reverse-type APD, as calculated for electrons (solid line) and protons (dashed line) orthogonally injected to the detector surface, respectively. For electrons, Figure 2 (bottom) only takes the energy loss caused by Coulomb interactions into account, although the energy loss caused by radiation (i.e., brems- strahlung emission) is particularly important for electron energy above 10 MeV in APDs. Note that the critical energy (E c ) at which the radiation loss equals the collision loss is approximately given as E c ' 800 MeV/(Z + 1.2) [Leo, 1994] , and hence E c ' 50 MeV in silicon for an atomic number of Z = 14. These high-energy electrons only account for a very small fraction of the total number (less than 1% of the total electron count) and are consequently negligible for Cute-1.7+APD II observation. The maximum energies deposited by electrons/protons in the device, E max,e ' 40 keV and E max,p ' 1 MeV, respectively, are determined by the depletion thickness of the S8664-55 (reverse-type APD). The substantial cutoffs below 4 keV (for electrons) and 50 keV (for protons) are due to absorption in the surface dead layer (∼1 mm) and Al coating as described above.
[12] For the Cute-1.7+APD II mission, we designed to have six different energy thresholds (E th in deposit energy): 9.2 keV, 15 keV, 26 keV, 45 keV, 85 keV and 149 keV. As shown in Figure 2 (top), the number of electrons is about two orders of magnitude larger than that of protons in LEO. Thus we assumed that the particle count obtained with E th 40 keV is likely dominated by electrons (where the contamination of low-energy protons and heavier ions is less than the level of a few percent points from an extrapolation of the curve given in Figure 2 (top) ; also see Carlson et al. [2001] for recent measurements of the count distribution of electrons and ions around 10 keV), whereas that obtained with E th 40 keV is due to low-energy protons (note that the SPENVIS predicts only negligible contamination of heavy ions in LEO [e.g., Gustafsson et al., 2009 ] since electrons cannot deposit such a large amount of energy in a relatively thin depletion layer of the APD device (see Figure 2, bottom) ). The average integrated flux of electrons is estimated as ∼2 × 10 5 cm −2 s −1 at 10 keV (Figure 2 , top). However, an instantaneous peak flux could be as high as ∼10 7 cm −2 s −1 in the South Atlantic Anomaly (SAA) and/or aurora bands. Since the light receiving window of an APD has 3 × 3 mm 2 of active area, we expect that an incident counting rate will be a maximum of ∼10 6 cts s −1 for Cute-1.7+APD II observation.
Active Gain Control of the APD
[13] The gain characteristics of APDs depend on both the bias voltage and temperature. When the APD device is cool, the bias voltage required to achieve a certain gain is significantly reduced. Typically for APDs, the gain variation on bias voltage is ∼+3%/V and the temperature coefficient is ∼−2%/°C, respectively, at gain of around G = 50 [e.g., Ikagawa et al., 2003; Kataoka et al., 2005] . Therefore, the temperature must be controlled within DT ' 0.5°C to stabilize the APD gain at the 1% level, which is often too severe a requirement for small satellite missions like the Cute-1.7+APD II. However, one important consideration for a fixed APD gain (G), is the one-to-one relation that exists between temperature and the required bias voltage. In other words, we can uniquely determine the bias voltage necessary for realizing G at an arbitrary temperature. This is a key idea for the active gain control system adopted in the Cute-1.7+APD II. If the temperature increases by DT, then we can simply increase the bias voltage by DV to cancel out the gain reduction. Full details of the active gain control system are given by Kataoka et al. [2006] . For this system, we have developed a novel, CPU-based design that is implemented in an H8 microcontroller unit (H8 MCU; the H8-3048F made by Renesas Technology) program and automatically controlled in orbit.
[14] Figure 3a shows an example of the relation between temperature and bias voltage necessary to maintain the APD gain at G = 50, as measured between −40°C to +40°C. This relation can be approximated as a quadratic function of temperature (T), given as the dotted curve. The best fit functions, measured at G = 30 and 50, were both programmed in the H8 MCU. In practical terms, an 8 bit ADC within the H8 MCU reads signals from the temperature sensor. The DC output of the AD590 temperature sensor is monitored every 16 s. Then an appropriate bias voltage is calculated by using the quadratic functions described above. The bias voltage is supplied from an 8 bit DAC within the H8 MCU and fed to the input of the 521-5A DC/DC converter (made by Analog Modules Inc.), which outputs 120 times the input DC voltage. Note that 1 bit input to the DAC corresponds to 1.5 V when output from the DC/ DC converter. Figure 3b shows the actual output of the DC/ DC converter operated with the H8 MCU, as a function of temperature. Difference to an appropriate bias voltage programmed in the H8 MCU is less than 1 V, meaning that the H8 MCU controls fluctuations in the APD gain within the 3% level.
High Counting Response
[15] In the Cute-1.7+APD II, we have two identical APD sensors and analog electronics so as to provide redundancy. When a charged particle hits an APD and deposit some energy, electron/hole carriers are generated inside the APD device. The signals from the APDs are then read by a charged-sensitive amplifier (the Amptek A225) and fed to a differential amplifier having a time constant of t ' 10 ns. The output is further amplified by a factor of 10 by using an inverter, and subsequently fed to a comparator. The output (typically Dt ' 100 ns in width) from the comparator is Figure 3 . (a) Required bias voltage of the APD to maintain a constant gain, (G = 50), as measured between −40°and +40°. The dotted curve shows an empirical quadratic relation used to fit the data, while the thick dashed line corresponds to the 1-bit resolution (1.5V) of DC/DC output. (b) Actual output of the DC/DC converter operated with the H8 MCU, as a function of temperature. Difference (residual) to the best fit quadratic function, which is implemented in the H8 MPU program on board the Cute-1.7+APD, is shown in Figure 3b. recorded by 20 bit digital counters in the H8 MCU, which is also used for the active gain control system of the APD device (see section 2.3). The detailed design and circuit diagram of the APD module, which is completely identical to that of the Cute-1.7+APD, is given by Kotoku et al. [2006] .
[16] Various performance verification and environments tests were conducted prior to launch using a flight model of the Cute-1.7+APD II. To measure the counting response of the APD and analog electronics, we irradiated the APD module with 17.5 keV X-rays at the synchrotron beam facility of the High-Energy Accelerator Research Organization (KEK-PF). In order to simulate actual observational conditions, the flight model of the Cute-1.7+APD II was operated in battery mode. Moreover, communications (for handling commands and data) between the satellite and operations room were conducted using amateur handheld transceivers in simulating real tracking operations. Figure 4 shows the relation between the input photon rate and output count rate for an APD module irradiated with 17.5 keV photons. The APD module counts the incident beam rate correctly up to ∼10 8 cts/frame with appropriate dead-time correction in the electric circuit (dashed line in Figure 4) , where a single frame-packet corresponds to a 16 s accumulation of data. Above this injection rate, the counting response is heavily saturated, but the estimated count rate of the APDs on board the Cute-1.7+APD II is comparable to or less than 10 6 cts/s (see section 2.2). Therefore, we concluded that our circuit is capable of counting the number of particles in the orbit of the Cute-1.7+APD II with sufficient accuracy of ∼5%.
Initial Flight Performance
Active Gain Control: Results
[17] The Cute-1.7+APD II was successfully launched in April 2008, and has since been in operation for more than a year. The initial operation phase continued for more than a month, during which such basic functions as power generation and communications were carefully tested. The APD module was activated on 6 May, and the first scientific observation began during the first contact pass over Tokyo Tech on 7 May. Through two short-term observations (90 min per contact pass), normal APD behavior was confirmed. Longer APD observations were subsequently conducted for 12 or 24 h (typically four times monthly), with APD data being transmitted to the ground station. Figure 5 shows the time history of the bias voltage necessary to maintain APD gain G = 50, in correspondence with temperature variations during a 12 h observation made on 11 June 2008. Note that the active gain control system works fairly well, even though the APD temperature largely changed from −15°C to +5°C during this observation.
Electron Distribution
[18] As noted above, the particle distribution taken at the lowest energy threshold (E th = 9.2 keV) may be regarded as that of low-energy electrons. Figure 6a shows a spatial distribution of electrons measured on 11 June 2008. One can see that the electron flux is very high in the SAA and aurora bands in both the Northern and Southern hemispheres. Figure 6b shows the time variation of electron flux (counts per frame, where one frame corresponds to 16 s) during the observation. The maximum observed count amounts to ∼2 × 10 6 cts/frame; therefore, saturation of the detector counting system (see Figure 4) did not seriously affect the observation. However, we believe that subsequent observations may record much higher particle counts in the aurora bands. For example, the maximum observed count of 2.3 × 10 7 cts/frame was obtained for the observation made on 12 October 2008, thus suggesting an actual injection rate of 7.0 × 10 7 cts/frame (after correction of the system dead time). Moreover, our results suggest that electron flux in the aurora bands is highly variable even within a time scale ranging from hours to days. Further discussion and update results on the tem- poral variability of electron distribution will be discussed later (T. Toizumi et al., manuscript in preparation, 2010).
Proton Distribution
[19] Similar to the electron distribution presented in Figure 6 , Figure 7a shows a spatial distribution of particles measured on 1 September 2008, but with a much higher energy threshold of E th = 86 keV. Now that the contamination from electrons can be eliminated, the major contribution to the counts is due to low-energy protons at ∼100 keV (Figure 2, top) . In contrast to the electron distribution (shown in Figure 6 ), low-energy protons are much more concentrated around the SAA, but with the peak substantially shifted to south-east of the electron intensity peak. This is consistent with what has been expected from the SPENVIS simulation of E 100 keV protons, as compared with a distribution of low-energy electrons at E 40 keV, which is the lowest electron energy available in the SPENVIS data base. Moreover, the peak count rate is very low, at ∼10 4 cts/frame even in the SAA, and consistent with results from the SPENVIS simulation. We also confirmed that the proton distribution and its flux in LEO did not largely change during subsequent observations, in contrast to the electron distribution. the first time as a low-energy, high-counting particle monitor. The satellite was successfully launched by ISRO PSLV-C9 rocket on 28 April 2008 and has since been in operation for more than a year. We presented design parameters and pre-flight tests of the APD detectors prior to launch, and then described the flight performance of the APD from the initial phase of Cute 1.7 + APD II observation. We confirmed (1) an active gain control system that stabilizes the APD gain under moderate temperature variations between −5°C and +15°C, (2) a high-counting monitor of charged particles in the SAA and aurora bands, up to ∼10 7 cts/frame, and (3) adopted different levels of energy thresholds to obtain approximate distribution of both lowenergy electrons (E th = 9.2 keV) and protons (E th = 86 keV). Our results suggest new potential applications for APDs in various fields of space research. Thanks to the successful operation of the Cute-1.7+APD II in orbit, we plan to use the APDs as a compact scintillation detector on board future Japanese X-ray astronomical missions, particularly the Astro-H, currently scheduled for launch in 2013.
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